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Introduction
Metal oxides have dramatically facilitated the vast success in a broad range of scientific fundamentals and technological applications. [1] [2] [3] [4] Tricobalt tetraoxide (Co 3 O 4 ), a magnetic ptype semiconductor, has been demonstrated prevailing applications in heterogeneous catalysis, [5] [6] [7] [8] energy storage and conversion, 5, 9-13 sensors and devices, 10, [14] [15] [16] etc. The performances of Co 3 O 4 in such applications, corresponding to its intrinsically electronic, magnetic, optical and catalytic properties, strongly depend on both crystalline structures and surface features. The crystalline structure of Co 3 O 4 has been indexed as normal spinel, based on a cubic close packing array of oxide ions. Co(II) ions are located at the tetrahedral 8a sites and Co(III) ions occupy the octahedral 16d sites. 17 On the other hand, the nature of surface, on which many physical and chemical processes take place, 18 is controlled by the size, shape, and morphology via adjusting the atomic arrangement and coordination. 19 Nanosized Co 3 O 4 crystallite is able to provide more promising properties than a conventional bulk counterpart by the manipulated high surface-to-volume ratio and more defects. 20, 21 Employing nanoparticles as building blocks offers a powerful tool to succeed in fabrication of desired 1-3 D (dimensional) nanoarchitectures of Co 3 O 4 . 9, 22, 23 Its nanostructures with a great variety of morphologies, such as nanocubes, 24, 25 nanorods, 7, 26 nanowires, 27, 28 nanotubes, 10, 29 nanobelts, 30, 31 nanospheres, 14, 32 nanosheets, 33, 34 nanomeshs, 35 nanooctahedra, 36 and nanocapsules, 37 etc., have been fabricated. Further investigations discovered that there is a close correlation between shape/morphology and performances of Co 3 O 4 nanocrystals in practical applications. 7, 14, 24, [38] [39] [40] Rational synthesis of preferential morphology and insights to the mechanism of shape-performance correlation would be definitely desirable for better applications of Co 3 O 4 in environmental remediation and energy conversion.
The nature of size or shape-related properties lies in the arrangement of surface atoms and surface energy, leading to genuine facet-dependent properties of nanomaterials. [41] [42] [43] [44] [45] Some reports summarized the research advances in the facet-related properties of noble metals (Pt,
Pd, Au and Ag), 43, 44, 46 metal oxides (TiO 2 19, 47-50 , ZnO 18, 51 and SnO 2 18, 46, 52 ) , and metal sulfides (CdS, Ag 2 S and PbS). 53 However, the enhanced performances via preferential facets of nanocrystalline Co 3 O 4 have not yet been reported. 43, 54 This review therefore provides very recent advances in the design and synthesis of nanocrystalline Co 3 O 4 , its performances in CO oxidation, lithium-ion battery, and some other emerging fields and facet-dependent behaviour. Scheme 1 shows the design, synthesis, structure and applications relating to the Co 3 O 4 nanocrystals with predominantly exposed crystal planes. The design is generally orientated by the practical applications, which require better performances of the material. Synthesis protocols will be then investigated to obtain the material with desired properties by structural control. The mechanism of the enhanced performances of the material can be described by the crystal structure and microstructure, both of which promote the applications of the material and sometimes, bring out breakthrough science and emerging applications. 
Synthesis of Co 3 O 4 with selected facets
The preferentially exposed crystal planes of Co 3 O 4 can be achieved by manipulation of the morphology, which is feasible as shape-controlled synthesis. Fig. 1 
Hydrothermal synthesis
Hydrothermal methods have been widely used for preparation of nanomaterials. The autogenerated pressure from water upon heating can further enhance the solubility and the reactivity of the reactants to improve the crystallinity of the prepared nanocrystals. Moreover, small coordinating molecules (e.g. NH 3 , ethylenediaminetetraacetic acid) can be easily introduced to adjust the growth of the final nanocrystals. The strong polarity of water might be beneficial to the orientation growth of 1 D nanostructures. 53 Li et al. 24 reported a rational synthesis of Co 3 O 4 with different shapes via a hydrothermal process of cobalt hydroxide precursors. It was found that the predominantly exposed planes are {112} in the nanosheets, {011} in the nanobelts, and {001} in the nanocubes. The key parameter in the shape-controlled synthesis was the precursor of β-Co(OH) 2 than 10 nm and a void space diameter below 6.0 nm. Fig. 2 shows the HRTEM images and the difference in the exposed crystal planes of selected samples. The dominant {112} crystal plane in the nanomesh was of much better performance for electrochemical energy storage than the conventional {111} and {100} planes. Besides the benefits from unique morphology and structure, the better performance of {112} plane than conventional planes was attributed to the higher surface energy.
Figure 2
The difference in the exposed crystal planes of the final products of S1, S3 and S5. S1 has a diameter of 15 nm (a) with the addition of 1 mL Na 2 CO 3 aqueous solution (1 M); S3, 150 nm, 1.5 mL Na 2 CO 3 aqueous solution; S3, 1000 nm, 10 mL Na 2 CO 3 aqueous solution. S1 and S3, whose precursor is Co(CO 3 ) 0.5 (OH)0.11H 2 O, exhibit the exposed crystal plane of (110) were enclosed by two equivalent {121} crystal planes and two equivalent {101} crystal planes. The formation of Co(OH)F in the synthesis was found to play the crucial role in producing the nanorod arrays.
Precipitation synthesis
Precipitation method is very simple, but the precise control of the orientation usually needs the assistance of surfactant or coordinating molecules. Nanorod-shaped Co 3 O 4 nanocrystals with exposed {110} planes were prepared by the calcination of a cobalt hydroxide carbonate precursor, which was synthesized by the precipitation of cobalt acetate with sodium carbonate in ethylene glycol. 7 In the design, a solid cobalt hydroxide carbonate, incorporating ethylene glycol and having a nanorod-shape structure with a diameter of 10 -20 nm and a length of 200 -300 nm, was prepared and then used as the precursor for further calcination. 
Other synthesis and short summary
Ultrathin Co 3 O 4 nanowires with exposed {111} planes was fabricated by oriented attachment. 39 The heating temperature controls the diameter of nanowires and the thickness of nanowalls.
Meanwhile, the heating duration determines the size of nanowires (< 300 building blocks, respectively.
It was reported that self-stacked Co 3 O 4 nanosheets with mainly exposed of {111} planes were prepared by a solvothermal method in the presence of poly(vinylpyrrolidone) (PVP) and water followed by a calcination treatment. 64 Both PVP and water would significantly affect the formation of self-stacked nanosheet ensembles. The presence of water can partially decrease the coverage of PVP on the produced nanoplate surface, then results in the preferential adsorption of PVP on the top and bottom surfaces of the nanoplates, within which the growth of nanocrystals occurs. In another report, CO oxidation was performed on Co 3 O 4 nanobelts and nanocubes. 72 It was found that the Co 3 O 4 nanobelts with exposed {011} planes were more active than nanocubes with {001} planes. Fig. 4 The adsorption of CO on the first sub-layer of Co 3+ sites would be more difficult than on the topmost surface layer of Co 3+ sites, leading to the fact that {011} planes of nanobelts are more active than {001} planes of nanocubes. The study further showed that CO adsorption strength, the barrier of CO reacting with lattice O and the redox capacity would be identical to be the determining factors that would significantly affect the activity of oxides. 91 
Methane combustion
Selected shape or facet of Co 3 O 4 was also found to have promotive performances in methane combustion. Li et al. 24 investigated the effects of shape and crystal planes, including nanosheets with predominantly exposed {112} planes, nanobelts with {011} and nanocubes with {001} on the catalytic behaviour of methane combustion. Fig. 7 
Hydrodesulfurization (HDS)
The hydrogenation of carbonyl sulphide (COS) was carried out over catalysts derived from nanocrystalline Co 3 O 4 nanorods and nanopolydedra. Nanorods showed a high activity in presulfurization process and resultant sulfide was superior to nanopolyhedra in HDS of carbonyl sulphide. It was known that nanrods are enclosed by four {110} and two {001} planes, and nanopolyhedra are enclosed by eight {111} and six {100} planes. The exposure of {110} surface might lead to the stronger reactive property of nanorods than nanopolyhedra, and facilitated the formation of more sulphur species on the rods during presulfurization stage, then increase hydrodesulfurization activity for COS. 
Electrochemical performance in energy storage

Lithium-ion battery
Rechargeable lithium-ion batteries are key components of a large range of modern portable equipments for entertainment, computing and telecommunication. As an energy storage unit, with 100% capacity retention for up to 100 cycles and high recharging rates. 101 However, they usually suffer from poor capacity retention upon cycling and /or poor rate capability.
Traditional electrode materials have large volume changes during repeated lithium uptake and removal reactions, and then produce local stress and eventually lead to electrode failure.
A promising strategy to resolve the problems was to prepare nanosized materials with designed structures and morphologies. Nanosized materials can offer unusual mechanical, electrical, and optical properties from their low dimensions in geometry, and behave the integrated functions of bulk and surface properties. In lithium-ion battery, nanostructures would provide huge surface area, short mass and charge diffusion distance, and freedom for volume change during charge-discharge cycles, and eventually improve the Li-ion intercalation properties.
76, 102
Li et al. 103 (100) and (110) planes, which could offer more active sites for the diffusion of lithium ions.
Moreover, there are fewer interlayer spacing and tunnels through the direction of [100] and [110] , so the diffusion of Li ions through them would be more difficult than that through [111] .
Supercapacitors
Electrochemical capacitors are promising sources for many portable systems and automotive applications. A number of transition metal oxides have been suggested as alternative electrodes such as Co 3 O 4 , MnO 2 , and NiO etc., to hydrated ruthenium oxide due to its high cost. However, such electrode materials lead to low capacitance, poor rate capability, and deterioration in performance associated with faradic redox reaction. 110 It was suggested that electrodes with designed nanostructures would be possible to enhance not only power density but also cycling stability. 111, 112 Qian et al. 23 reported that the specific capacitance of Co 3 O 4 nanosheets was higher than that of the Co 3 O 4 microsphere in a KOH electrolyte solution. The Co 3 O 4 nanosheet electrodes also exhibited good rate capabilities, and maintained 93% of initial capacity at a current density of 5 mA cm -2 in a KOH electrolyte solution. The improved electrochemical performance was attributed to the mesoporous structure, which might provide a large surface area that favours good contact with electrolytes.
Three Co 3 O 4 samples with distinct morphologies, 1-D needle like nanorods, 2-D leaf-like nanosheets, and 3-D oval-shaped microparticles, were tested for their potential application as supercapacitors. 9 The results indicated that these porous Co 3 O 4 structures exhibited promising capacitive properties with high capacitance and good retention. Co 3 O 4 nanorods also showed the highest capacitance of 111 F g -1 , and 88.2% of which can still be maintained after 1000 charge-discharge cycles. However, the rate capability and capacitance retention were still unsatisfactory. In order to improve the electrochemical performance of electrode materials for supercapacitors, the issues, such as double layer capacitance, faradaic capacitance from surface redox process and faradaic contribution from the diffusiondominated interaction between electrolyte ions and electrode materials, should be considered. 113 Wang et al. 35 discovered a novel 2-D functional Co 3 O 4 nanomesh, which had a very high surface area (382 m 2 g -1 ), well-crystallized features, thickness of no more than 10 nm and a void space diameter below 6 nm. They reported that the dominant {112} crystal plane in the nanomesh has much higher surface energy than conventional {111} and {100} crystal planes, leading to a better performance in supercapacitors.
In another comprehensive study 114 
Mechanism of facets-related enhancement
The effect of structure/shape/morphology on the properties of a material has long been recognized; 115, 116 however, scientific understandings at molecular level to the mechanism
have not yet been fully discovered.
Shape-controlled synthesis has been achieved in the scope of novel metal nanocrystals, such as platinum, 117 gold, 118 silver, 119 etc., due to their significant applications in catalysis and the simplicity being elementary crystals. El-Sayed et al. 120 compared the activation energy and other kinetic parameters of the electron-transfer reaction between hexacyanoferrate (III) ions and thiosulfate ions in colloidal solution containing dominantly tetrahedral, cubic or spherical Pt nanoparticles as catalysts. The catalytic activities of these three nanoparticles were found to correlate with the fraction of surface atoms located on corners and edges. It was further reported that the edge and corner atoms exhibited open coordination sites that may result in significantly different bond enthalpies, desorption energies, and adsorption geometries compared to adsorption on terrace sites. 121 Sun et al. 41 proposed that facets are closely related to the density of atomic steps and dangling bonds, which would be the origin of the enhanced catalytic activity. Xu et al. 122 reviewed the synthesis and application of noble metal nanocrystals with high-energy facets, and concluded that the high density of atomic steps, edges, and kinks would make those nanocrystals with high-energy facets more active in breaking chemical bonds than common nanocrystals.
For metal oxides, the intrinsic nature to enhanced performance of the nanocrystals with predominantly exposed facets is more complicated. As a promising photocatalyst, TiO 2 with dominant high-energy facets has been extensively studied. It was found that the presence of high-energy facets in TiO 2 improves significantly its adsorption, electric, and photocatalytic properties. 19 Cheng et al. 47 systematically summarized the unique properties of shape crystals, including (i) anisotropic corrosion, (ii) interaction dependence of adsorbates, (iii) reaction selectivity, and (iv) reduction and oxidation sites. Li et al. 43 further indicated that a cooperative mechanism of surface atomic structure (the density of undercoordinated Ti atoms) and surface electronic structure (the power of photoexcited charge carriers ) is the determining factor for photoreactivity.
As for the enhanced properties of Co 3 O 4 with preferential facets, no conclusive mechanism has been established. Shen et al. 54 summarized the morphology/plane-dependent catalysis of these cobalt oxides in terms of CH 4 combustion and CO oxidation. Recently Li et al. 43 Density functional theory (DFT) calculations were applied to discover the differences in bulk and surface properties (naturally occurring (110) and (111) (110) and (111) surface were studied.
Results suggested that significant differences exist between bulk and surface, and between surfaces of (100) and (111) . The differences in properties are originally resulted from their different chemical compositions and different atoms arrangements. 93 Zasada et al. 123 presented periodic DFT and atomic thermodynamic studies of Co 3 O 4 nanocrystals in wet environment by investigating the molecular interpretation of water adsorption equilibria. The thermal behaviour of the hydrated (110) surface was clearly different from that of (100) surface. For the (111) termination, the situation was quite similar to that observed in the case of the (110) plane. They further reported periodic DFT and HR-STEM studies of surface structure and morphology of Co 3 O 4 nanocrystals. 25 The results of slab calculations enabled to evaluate the surface structure and reconstruction of the low index (100), (110) and ( Xu et al. 26 studied the adsorption of H 2 O and its effect on CO oxidation over Co 3 O 4 (110) surface by DFT studies, theoretically correlating surface structure to adsorption and catalysis. 
Conclusions and Perspectives
Nanocrystalline The preferential facets and their oriented modification would not only improve the performances in conventional applications, but lead to some more novel uses. The emerging applications will also be an excellent probe reaction for studying the facetdependent properties.
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